Abstract-A knowledge of human upper-limb structure and its mechanical functions are important for developing an exoskeleton. The Sliding Mode Control with Fuzzy Type-II is proposed to control the movements of the human extremity joints. The Lagrange method is used to model the dynamics system of human upper-limb. The findings demonstrate the effectiveness of the proposed controller in tracking the desired motion and it is also able to eliminate the chattering problem as well as deal with uncertainties.
I. INTRODUCTION
Muscle fatigue is a common phenomenon of performance degradation in humans. There are various factors that lead to muscle fatigue. These include manual handling of objects, heavy physical activities, repetitive work, improper body posture and duration of exposure to working environment [1] . Muscle fatigue could affect human's quality of life and there is high risk of getting musculoskeletal disease (MSD) and performance degradation. As reported by Martinez et al. (2008) and Health and Safety Executive (2002), MSD is the most common disease that is experienced by industrial workers in Europe. Meanwhile, 25% of workers suffer from backache and 23% are reported having muscular pain [2] .
Rehabilitation procedure and industrial working environment also know to lead to muscle fatigue. Ambrosini et al. (2014) and Lalitharatne et al. (2012) have reported that users or patients have high probability to get fatigued during rehabilitation process. Domestic activities such as painting and fixing a bulb might trigger the muscles to fatigue, same as activities in industry and during rehabilitation process [5] .
These situations have motivated the development of robotic exoskeletons as a tool or solution to solve muscle fatigue or MSD [6] . However, it is important to note that, the developed exoskeleton should mimics the human upper-limb movements. This is to ensure the safety for the human. In addition, there are other elements that need to be considered for developing an exoskeleton: the design, the controller, the sensor and the actuator. The aim of this paper is to develop a suitable controller for an upper limb exoskeleton. In general, there are two categories of the existing control approach: linear and nonlinear control approach. The examples of linear control approach are PID admittance control and PD [7] , [8] . However, these type of controllers have limitation in regard to the movement of the human upper-limb. This is due to the nature of the human upper-limb; non-linear. Hence, this drawback has motivated the development of non-liner control strategies such as computed torque control, nonlinear PID and other related mechanisms.
The sliding mode control (SMC) is a model-based control methods, is one of the example of a non-linear control approach. This controller has been applied to many applications such as UAVs as well as in developing an exoskeleton [9] - [12] . The advantages of the SMC are the structure is simple and fast to response. In addition, SMC also has an ability to ensure trajectory tracking performance in the presence of system perturbation, external disturbance and parametric uncertainties [13] . However, the high control activities or known as chattering has limit the capability for the SMC in practical application. The chattering occur due to the discontinuous sign function.
One way to solve this limitation is by replacing the sign function with boundary layer [14] , sat function [15] or fuzzy logic system [9] , [16] - [18] . These approaches show that the chattering could be eliminated/reduced. In terms of tracking performance, however, these approaches show a negative affect and also cause an increase in a steady state error [15] . In this work, therefore a hybrid mechanism of SMC with fuzzy type-II is explored to control the high non-linear motion of human upper-limb. The results obtained from this work could provide an information to develop controller for an upper-limb exoskeleton in future.
II. PROPOSED APPROACH
An upper-limb exoskeleton is developed and attached to humans' upper-limb. Figure II .1 shows the exoskeleton with six degree-of-freedom (DOF) attached to human upper extremity. As mentioned in previous section, the current paper is aim to investigate the potential of the sliding mode control with type-II fuzzy logic in controlling the movements of the upper-limb. Therefore, in this work, only one DOF for each joint of human upper-limb, will be used to examine the performance of the controller, and the joints namely: shoulder and elbow joints. The parameters used in this work were taken from [19] and the human design is from [20] . In the next section, the dynamic model for two links of human is presented.
A. Dynamic Model
Generally, the dynamic model is developed to build the relationship between the desired trajectory and the input torque of the two links. In addition, the dynamic model is very important for model-based control approach [16] . Thus, the sliding mode control is proposed based on the dynamic of the human upper-limb.
In this work, the Lagrange method is used to develop analytical dynamic model of the human arm. However, three assumptions are made for simplification purposes: (1) The wrist joint is assumed to be fixed. (2) The hand is assumed to be part of lower arm. (3) This model could be classified as conservative model because the frictional elements acting on the human joints is ignored. Using the Lagrange method with system's kinetic and potential energies, the general form of dynamic equation for the human joints can be expressed as:
where, M ! , C ! , G ! and τ ! are the moment of inertia, coriolis and centrifugal matrix, gravity vector and input torques. The angles for shoulder and elbow joints are represented as θ ! = θ ! , θ ! ! and the input torques τ ! = τ ! , τ ! ! . Equation (1) can be rewritten for joint 1 and joint 2 as follows:
With the corresponding terms:
The proposed control system is presented in the next section.
B. Control system approach
A hybrid mechanism of sliding mode control (SMC) and interval Type-2 fuzzy logic system (IT2FLS) is proposed. Three stages of control design were conducted to achieve the desired performance of the exoskeleton.
1)
Sliding surface design
The general form of sliding surface can be represented as:
where S is a matrix of positive constant elements with dimension m × n. For second order systems, the scalar form of sliding surface can be defined as [9] :
The variable s is definitely positive constant whereas e and e are error and change of error of system response respectively. Hence, the sliding manifolds of the upper limb exoskeleton system are represented as:
Therefore, the sliding surface matrix can expressed as:
where σ ! and σ ! denote sliding surface for joint 1 and joint 2 respectively, whereas θ !" and θ !" represent the desired position for joint 1 and joint 2 respectively.
2) Sliding mode control design
The equation
(2 can be represent in general, as follows :
For the simplicity purpose, equation (8) could be written in state-space representation as in follow:
where the state vectors are defined as x ! = θ ! ; x ! = θ ! ; x ! = θ ! ; x ! = θ ! . Therefore, from (2) and (9), the vectors f(x,t) and B(x,t) can be expressed as:
As mentioned in Section II.A, the SMC is model-based control approach. Therefore, it is important to have the best estimation model as possible to the real plant. The estimation model in this work, could be acquired from equation (8) and is presented as below:
where the symbol represents the estimation model of the system. Since the estimation model is gathered from equation (8), thus f(x) and B(x) are as below :
Theoretically, in SMC¸ the control law (u) is constructed by two signals, namely equivalent control (u eq ), and switching control (u sw ) as:
The sliding mode will occur if and only if σ x, t = 0 and σ x, t = 0. Therefore, by using equations (3), (9) , and (13) the equivalent control (ueq) can be defined as [9] :
Furthermore, considering the sliding condition ! = ! = ! * < 0, the switching control (u sw ) is expressed as [9] :
3) Sliding mode control-based interval type-II fuzzy logic
The general structure of the proposed method is depicted as [9] : Furthermore, from the fuzzy input and output, the desired switching control (u sw ) can be set up by developing the fuzzy rules-base as in Table 1 . Therefore, the switching control can be defined as: where k is a constant to achieve the desired trajectory responses, while u f2 denotes the crisp values of IT2FLC. Thus, the equations (11) and (13) are used to produce the overall control signal of SMC as:
III. EXPERIMENTS AND RESULTS
In order to evaluate the performance of the SMC with type-II fuzzy logic algorithm presented in the previous section, preliminary tracking experiments were carried out. As mentioned above, the measurements of the lengths and the mass of the upper-arm and lower-arm as well as the inertia are taken from [13] .
The tracking experiments are conducted on the flexion/extension rotation of shoulder and elbow. For the first experiment, the tracking performance of SMC with type-II fuzzy logic are compared to SMC with conventional fuzzy algorithm and conventional PID control system. The PID is chosen as it is most use in industrial application. The gain for P, I and D are acquired by try-and-error. For the second experiment, the tracking performance was compared with conventional fuzzy algorithm. Similar as P, I and D, gains for k, ω ! and ω ! are also obtained by try-and-error.
The proposed comparative position tracking tests were started with π/2 with a nine-seconds-long trajectory. This is to examine how good the controller can work in order to ensure that it can achieve the desired trajectory. Then, the second desired tracking position was with the amplitude of 0 degree for the first two-seconds, and 90 degrees for the next two-seconds, and then down to 0 until ninth-second. The predefined trajectory was thus: As can be observed, the tracking performance of the SMC with type-II fuzzy logic algorithm was better than SMC with conventional fuzzy logic algorithm as well as conventional PID controller. The results also show that the former algorithm achieved better transient response compared to the latter algorithm. The chattering problem was eliminated with both algorithms. However, as noted in Figure  III.1 (b) , there is small chattering occur in the first joint when the joint was moving to desired trajectory. In contrast as noted in Figure III.1 (a) , the response of first joint was smooth with the type-II fuzzy logic control. Figure III. 2 also presents similar results as Figure III .1 and shows that the SMC with type-II fuzzy logic controller was able to control the movement to the desired trajectory. Table 3 shows the parameters used in this work together with mismatch values of each parameter. This is to show the robustness of the controller in which, as shown in Figure III .2, the system was still stable even with the values of the parameters for the estimation model mismatched by 30%. Therefore, it is confirmed that this controller is suitable to be applied to exoskeleton for position control.
IV. CONCLUSION An investigation into application of SMC with type-II fuzzy algorithm in positioning control of human upper-limb has been presented. SMC has been employed due its robust performance with nonlinear dynamic systems and type-II fuzzy logic is used in order to eliminate the chattering problem that usually occurs in SMC. The results show that the controller is able to track the desired movement smoothly and without the chattering. Moreover, the controller is able to deal with uncertainties and hence is suitable for controlling the highly nonlinear human upper-limb system. In future, the proposed controller will be used to control the human model with frictional element. This element is included in order to make the human model realistic. The proposed control algorithm also be tested to control the exoskeleton without the need to measure muscular activation levels. 
